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Eicosapentaenoic acid reprograms cerebrovascular
metabolism and impairs repair after brain injury, with
relevance to chronic traumatic encephalopathy

Graphical abstract

? Brain
I 5 injury

Control Diet

ol

Adaptive
Recovery

¢ —
Endothelial | g |
Function | ‘\\ /f‘ )
l \;;/ /

Neurovascular

i Brain
Il 5 injury

RS

Fish Oil Diet

ol

Maladaptive
remodelling

1

Endothelial |
Dysfunction \\\

Neurovascular

NG P4

coupling Uncoupling
NVU Stability NVU Disruption
4 d
Cognitive Cognitive
Integrity Decline
Highlights

® EPA exposure after TBlI unmasks a latent cerebrovascular

vulnerability

® EPA reprograms endothelial metabolism, impairing vascular

repair and remodeling

® EPA-driven neurovascular instability promotes tauopathy

and cognitive decline

@ Findings reveal metabolic context as key to omega-3 effects

in brain injury

® Karakaya et al., 2026, Cell Reports 45, 117135
Gails April 28, 2026 © 2026 The Author(s). Published by Elsevier Inc.
https://doi.org/10.1016/j.celrep.2026.117135

Authors

Eda Karakaya, Burak Berber,
Onur Eskiocak, ..., Adviye Ergul,
Semir Beyaz, Onder Albayram

Correspondence

beyaz@cshl.edu (S.B.),
albayram@musc.edu (0.A.)

In brief

Karakaya et al. demonstrate that
sustained dietary EPA exposure unmasks
a latent metabolic vulnerability in the
brain after TBI, driving maladaptive
neurovascular remodeling, tauopathy,
and cognitive decline. These findings
challenge the paradigm of universal
omega-3 neuroprotection and highlight
the importance of metabolic context in
brain injury outcomes.
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SUMMARY

Repetitive mild traumatic brain injury (rmTBI) precedes chronic traumatic encephalopathy (CTE) and involves
neurovascular dysfunction. Omega-3 polyunsaturated fatty acids (PUFA) are promoted as neuroprotective
but their long-term effects after brain injury remain uncertain. We uncover a metabolic vulnerability associ-
ated with cerebral accumulation of eicosapentaenoic acid (EPA), a major PUFA derived from fish oil. In a
fish oil diet model, EPA accumulates at baseline yet is selectively depleted after rmTBI, consistent with
mobilization during injury-associated metabolic remodeling. This pattern coincides with matrix remodeling,
endothelial degeneration, and impaired neurovascular function. Cortical transcriptomics indicate reduced
angiogenic programs with increased fatty acid metabolism, and lipidomics links EPA to maladaptive lipid
engagement. Mechanistic studies using metabolically adapted endothelial cells show that EPA selectively
impairs reparative function. Analysis of postmortem CTE brain tissue reveals parallel vascular and metabolic
gene expression changes, strengthening translational relevance. Together, these findings challenge the
assumption of uniform omega-3 neuroprotection after brain injury.

INTRODUCTION cognitive decline.”>?* Recent studies highlight that the capacity
for cerebrovascular recovery is not uniform, but instead depends

Traumatic brain injury (TBI), often referred to as a “silent on the coordinated actions of brain microvascular endothelial

epidemic,” remains a leading cause of death and long-term
disability worldwide, disproportionately affecting young adults
and the aging population.’~® Although repetitive mild TBI (rmTBI)
is often regarded as benign, mounting evidence indicates that
even subclinical injuries can initiate a chronic neurovascular
injury cascade that persists for decades,®'® substantially
elevating the risk of chronic traumatic encephalopathy (CTE)
and dementia.’'° Despite its prevalence and long-term impact,
no effective therapeutic strategies exist to halt or reverse the
cerebrovascular deterioration associated with rmTBI,%"?? leav-
ing affected individuals vulnerable to decades of progressive
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cells (BMVECs) and extracellular matrix (ECM) remodeling,
which together play a central role in orchestrating post-TBI
repair.?>?°

The brain’s vascular network, spanning over 600 kilometers in
length, is a critical infrastructure for cerebral metabolism, oxygen
delivery, and waste clearance.?’ Following TBI, this cerebrovas-
cular system is particularly susceptible to injury, with up to 50%
of long-term survivors exhibiting persistent cerebrovascular
pathology.”®?° Angiogenesis, defined as the formation of new
vessels from existing capillaries, is a key regenerative response
supporting tissue repair and maintaining neurovascular unit
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(NVU) integrity.®2°=* This process is tightly regulated by a dy-
namic interplay between BMVECs, ECM composition, and local
metabolic cues.>* However, disruptions in endothelial energy
metabolism or signaling pathways may interfere with vascular
regeneration and could contribute to long-term dysfunction
and neurodegenerative processes.”®*%*" Understanding
how these cellular and metabolic factors shape the regenerative
response is critical for developing targeted interventions in brain
injury.

Fish oil (FO)-derived n-3 polyunsaturated fatty acids (PUFAs),
particularly eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA), are among the most widely used dietary supple-
ments for supporting systemic and brain health.>® Unlike
DHA, which is a major structural component of neuronal mem-
branes, EPA exhibits limited membrane incorporation and has
been reported to influence cognitive outcomes under specific
conditions, such as dietary imbalance or cofactor defi-
ciency.**%° While n-3 PUFAs are broadly recognized for neuro-
protective roles, some studies suggest that their effects may
vary based on the balance of lipid species, exposure duration,
and physiological context—particularly in settings involving
inflammation or injury.*'** Although several studies have re-
ported that omega-3 PUFAs may support vascular stability in
certain contexts, others suggest that specific lipid mediators,
including EPA and its derivatives, could modulate angiogenic
responses in a dose- and context-dependent manner.*~*¢
Nevertheless, the relationship between long-term omega-3
intake and cerebrovascular adaptation after brain injury re-
mains incompletely understood, especially as dietary supple-
ments become increasingly prevalent among individuals with
neurological vulnerability.

To address this knowledge gap, we implemented a cyclic
FO-supplemented dietary regimen designed to emulate inter-
mittent omega-3 intake patterns, combined with a repetitive
less-than-mild TBI (rimTBI) model that does not produce
long-term deficits in animals maintained on purified control di-
ets.”” This sensitized experimental framework enables the
detection of subtle changes in cerebrovascular resilience
that might otherwise remain obscured. Using an integrative
approach spanning in vivo, in vitro, and human tissue ana-
lyses, we demonstrate that sustained EPA enrichment in the
brain occurs without altering systemic metabolic parameters,
and that this cerebral reservoir is selectively depleted after
rimTBI, indicating preferential EPA engagement during the
injury response. Within this context, chronic EPA enrichment
was associated with impaired vascular repair, neurovascular
unit remodeling, and delayed cognitive recovery. In metaboli-
cally permissive cerebrovascular endothelial culture condi-
tions designed to mimic the post-injury shift in substrate
utilization, EPA, but not DHA, reduced angiogenic and wound
repair capacity, weakened endothelial cohesion, and acti-
vated lipid-sensing pathways in a manner consistent with
our cortical transcriptomic data. Finally, postmortem CTE tis-
sue revealed convergent evidence of PUFA imbalance,
vascular instability, and transcriptional signatures of altered
fatty acid metabolism and suppressed angiogenesis in the
disease-affected cortex. Together, these findings suggest
that sustained EPA exposure represents a context-dependent
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metabolic vulnerability capable of compromising cerebrovas-
cular resilience after brain injury.

RESULTS

Prolonged FO supplementation drives aberrant EPA
accumulation, reveals a latent metabolic vulnerability
following TBI

Long-chain n-3 PUFAs, particularly EPA and DHA, are widely
recognized as critical regulators of neurovascular health and
metabolic homeostasis.*® Yet, despite their broad therapeutic
appeal, the long-term consequences of sustained dietary n-3
PUFA enrichment on cerebral lipid metabolism remain unre-
solved. In our model, prolonged FO-derived n-3 PUFA intake
led to a marked buildup of unesterified EPA in the brain
under homeostatic conditions, and this pool was selectively
reduced following repetitive mild injury, a pattern revealing a
previously unrecognized form of lipid responsiveness. While
this shift initially appears paradoxical in light of the long-
standing view that cerebral fatty acid metabolism is relatively
limited,**~°° recent studies demonstrate that the healthy brain,
particularly astrocytes, can oxidize fatty acids under specific
conditions.”"°? These insights suggest that the mobilization
we observed reflects a context-dependent engagement of
lipid reserves rather than a contradiction of baseline metabolic
principles. Because long-chain PUFAs such as EPA and DHA
are obtained predominantly from the diet, with only limited
endogenous production via inefficient conversion from alpha
linolenic acid,’®>°° we next examined how FO supplementa-
tion shapes circulating and cerebral pools of unesterified fatty
acids under baseline and post-injury conditions.

To model chronic n-3 PUFA exposure under physiologically
relevant conditions, we implemented a cyclic FO-supple-
mented high-fat diet (FO-Suppl. HFD) regimen in wild-type
C57BL/6J mice beginning at two months of age. This
diet alternated one day of FO-Suppl. HFD with two days of pu-
rified control diet, mimicking fluctuating human supplementa-
tion patterns. Control animals were maintained on a continuous
purified diet. After 1 month on the diet, mice were subjected to
either repetitive less-than-mild closed head injury (rimTBI) or
sham procedures, followed by continued dietary exposure for
an additional 6 months to evaluate chronic post-injury conse-
quences (Figures 1A and 1B). Importantly, the FO-Suppl. HFD
did not affect total caloric intake, body weight, fasting blood
glucose, or adiposity across dietary and injury conditions
(Figures 1A-1F), confirming that systemic metabolic homeosta-
sis remained intact throughout the study. However, quantifica-
tion of unesterified (free) fatty acids via high-performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS)
uncovered a striking cerebral lipid signature: EPA selectively
and robustly accumulated in the brains of sham mice fed the
cyclic FO-Suppl. HFD (Figures 1G and 1H), indicating a relative
resistance to PUFA turnover under non-injured conditions. This
accumulation was specific to EPA and not recapitulated by
DHA, suggesting divergent metabolic fates of n-3 PUFAs in
the brain. Notably, this reservoir was not static: in rimTBI
mice, cerebral EPA levels declined markedly over time
(Figure 11), while DHA levels remained unchanged, suggesting
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Figure 1. Chronic FO-Suppl. HFD promotes selective brain EPA accumulation and reveals a latent metabolic vulnerability following rimTBI
(A and B) Experimental design and dietary intake: wild-type C57BL/6J mice were randomized to a continuous purified control diet or a cyclic FO-Suppl. HFD at
2 months of age. After 1 month of dietary priming, mice underwent either rimTBI or sham procedures over 9 days. Diets were maintained for 6 months post-injury.
Food consumption (kcal/day) remained consistent across groups, indicating FO-Suppl. HFD did not alter caloric intake or feeding behavior. n = 5 per group for
food consumption.

(C-F) Systemic metabolic parameters: longitudinal assessment of body weight (C and D), blood glucose levels (E), and gonadal visceral adipose tissue mass
(F) revealed no significant differences across dietary or injury conditions, confirming that FO-Suppl. HFD did not induce systemic metabolic disturbances. Each
data point represents an individual animal; group sizes ranged from n = 7 to 14 mice per group.

(G-I) Targeted longitudinal free fatty acid analysis via HPLC-MS/MS in circulating blood and brain tissue at 1 and 6 months post-injury: at 1 month (H), FO-Suppl.
HFD significantly increased EPA accumulation in the brain across both sham and rimTBI cohorts, with negligible changes in circulating EPA or DHA, suggesting
selective cerebral retention of EPA under homeostatic conditions. By 6 months (1), circulating EPA and DHA levels were elevated in all FO-Suppl. HFD-fed mice,
indicating systemic PUFA oversaturation. However, brain EPA levels in the FO-Suppl. HFD + rimTBI group were significantly reduced relative to sham, reflecting
progressive depletion under chronic post-injury metabolic stress (n = 3-5 per group for lipidomic).

Data are presented as mean + SEM. Statistical significance was determined using one-way or two-way ANOVA with Tukey’s, Sidak’s, or Dunnett’s multiple
comparisons post hoc tests, as appropriate. NS, not significant. *p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001.

that injury perturbs selective PUFA retention. At 6 months post-
injury, FO-fed TBI animals exhibited a significant reduction in
cerebral EPA levels compared to FO-sham, accompanied by
a downward shift in circulating EPA; however, plasma EPA
levels in FO-fed TBI mice remained higher than in control diet
groups. At the six-month time point, FO-fed mice also showed
a modest increase in circulating DHA, whereas cortical DHA
levels remained unchanged, consistent with the tightly regu-
lated and relatively slow adjustment of brain DHA compared
with the more dynamically responsive EPA pool. In contrast,
DHA remained remarkably stable in both blood and brain, rein-
forcing the view that EPA is uniquely responsive to injury-driven
metabolic shifts.

Together, these findings indicate that while prolonged FO
supplementation leads to EPA accumulation under baseline
conditions, cerebral EPA levels decline after rimTBI, suggest-
ing a dynamic, injury-associated change in PUFA retention.

Rather than serving as a passive neuroprotective reserve,
EPA appears metabolically engaged in the brain’s response
to injury. Notably, although the FO-supplemented diet
provided higher absolute levels of several saturated and
monounsaturated fatty acids, these broader dietary differ-
ences did not produce proportional changes in the unesteri-
fied pools. EPA was uniquely elevated in both plasma and
brain, underscoring the remarkable specificity of the meta-
bolic response to dietary intervention. At the chronic post-
injury stage, EPA levels in FO-supplemented TBI mice
declined compared to FO-sham, reflecting metabolic engage-
ment in the injured brain, yet remained substantially higher
than in control diet groups, demonstrating a highly selective
adaptation to both dietary intake and injury. Together, these
patterns indicate that EPA availability is not simply dictated
by systemic supply but instead reflects coordinated, injury-
associated changes in EPA handling, reinforcing the view
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Figure 2. Chronic FO-Suppl. HFD selectively exacerbates long-term neurological dysfunction following rimTBI

(A and C) Study design and behavioral timeline: schematic representation of the experimental paradigm showing the sequence of dietary intervention, rimTBI
induction, and longitudinal behavioral assessments at baseline (—1M), 1 month (1M), and 6 months (6M) post-injury in continuous control purified diet (A) and
cyclic FO-Suppl. HFD (C) cohorts.

(B and D) Righting reflex recovery following rimTBI. Both control purified (B) and FO-Suppl. HFD (D) rimTBI groups exhibited significantly prolonged righting reflex
recovery times compared to their respective sham controls (p < 0.0001), indicating comparable acute injury severity across dietary conditions.

(E) Sensorimotor performance (ledge assay): rimTBI mice maintained on a control diet showed no sensorimotor impairments at either 1M or 6M post-injury. In
contrast, FO-Suppl. HFD + rimTBI mice exhibited significant motor deficits by 6M, indicating delayed-onset sensorimotor decline selectively in the FO-fed cohort.
(F and G) Cognitive performance (Morris water maze): at 6M post-injury, rimTBI mice on a control diet performed comparably to sham animals across the 5-day

spatial learning period.

(F) However, FO-Suppl. HFD + rimTBI mice showed progressively worsening escape latencies.

(G) Day 2 session analysis revealed impaired learning efficiency and spatial navigation, further supported by heatmap visualizations of escape paths. Each data
point represents an individual animal; group sizes ranged from n = 10 to n = 13 mice per group across experiments.

Data are presented as mean + SEM. Statistical significance was determined using one-way or two-way ANOVA with Tukey’s, Sidak’s, or Dunnett’s multiple
comparisons post hoc tests, as appropriate. NS, not significant. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.

that EPA is the n-3 species most dynamically engaged by
injury-driven metabolic shifts.

EPA-driven neurovascular instability triggers
perivascular tauopathy and cognitive decline following
TBI

Repetitive mild TBI (rmTBJ) is a known precursor to CTE, yet the
mechanisms by which early neurovascular disruption contrib-
utes to long-term cognitive decline remain incompletely under-
stood. Whether this deterioration reflects the cumulative burden
of injury alone or emerges from delayed, maladaptive metabolic
shifts that remodel cerebrovascular function remains uncertain.
Given the integral role of lipid metabolism in NVU maintenance,
we hypothesized that prolonged dietary exposure to n-3
PUFAs, particularly EPA, may metabolically prime the NVU,
and especially its endothelial compartment, for dysfunction
following injury.

Using our established rimTBI paradigm in combination with
the cyclic FO-supplemented HFD, we next examined
whether dietary background influenced the acute neurological
suppression induced by injury. Recovery of the righting reflex,
a standard index of transient post-impact neurological suppres-
sion rather than permanent loss of function, was significantly
prolonged in rimTBI mice compared with sham controls in
both the purified control diet (Figures 2A and 2B; p < 0.0001)
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and FO-supplemented HFD groups (Figures 2C and 2D;
p < 0.0001). Importantly, righting reflex latency did not differ be-
tween rimTBI mice maintained on the purified control diet versus
the FO-supplemented HFD, indicating that initial injury severity
was equivalent across dietary conditions. However, long-term
outcomes diverged between diet groups. Mice maintained on
the purified control diet showed stable neurological scores and
intact spatial learning over time, with no evidence of chronic def-
icits (Figures 2E-2G, S1A, and S1C). In contrast, FO Suppl.
HFD + rimTBI mice developed delayed behavioral abnormalities
that became apparent at 6 months post-injury. Two-way
repeated-measures ANOVA of the neurological severity scores
revealed a significant group-by-time interaction, and Dunnett’s
post hoc testing identified higher scores at 6 months in the FO
Suppl. HFD + rimTBI animals compared with all other groups,
whereas no differences were detected at baseline or 1 month
(Figure 2E). Spatial learning performance in the Morris water
maze was evaluated using a mixed effects model across the
5-day acquisition phase. This analysis showed significant effects
of time and group, as well as a time by group interaction
(time: F[4,60] = 66.84, p < 0.0001; group: F[3,160] = 19.03,
p <0.0001; and time x group: F[12,160] = 2.33, p = 0.0088). Bon-
ferroni post hoc comparisons demonstrated that FO Suppl.
HFD + rimTBI mice exhibited longer escape latencies than all
other groups on acquisition days 3-5 (p < 0.05-0.001), indicating
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impaired spatial learning under conditions of sustained FO
supplementation (Figures 2F, S1B, and S1D). Consistent with
impaired acquisition, day 5 heatmaps demonstrated precise,
target-directed swims in control groups, whereas FO-Suppl.
HFD + rimTBI mice showed continued reliance on perimeter-
based searching, indicating an inability to form an effective
spatial memory of the platform location (Figure 2G). Taken
together, these findings indicate that chronic FO-supplemented
high-fat feeding unmasks a delayed, diet-dependent vulnera-
bility of neurobehavioral function after rimTBI, whereas animals
on the purified control diet retain long-term behavioral resilience.

Histopathological analysis linked these behavioral impair-
ments to the emergence of perivascular tau pathology, a
hallmark of early-stage CTE (Figure 3A). Immunostaining for hy-
perphosphorylated tau (AT8) revealed substantial accumulation
in both neurons and perivascular compartments of the injured
cortex in FO-Suppl. HFD-fed rimTBI mice (Figures 3B-3D).
Notably, AT8-positive signal showed prominent spatial associa-
tion with lectin-labeled microvasculature, implicating vascular-
associated compartments as a key site of tau aggregation.
Consistent with this, complementary NeuN co-immunostaining
confirmed increased neuronal AT8 accumulation in the same re-
gions (Figure S2A), indicating that tau pathology extends beyond
the vasculature while remaining closely coupled to microvas-
cular domains. To further delineate the parenchymal correlates
of delayed behavioral decline, we performed quantitative anal-
ysis of neuronal density, synaptic integrity, and microglial activa-
tion at 6 months post-injury. In FO-Suppl. HFD + rImTBI mice,
NeuN immunostaining revealed a mild but significant reduction
in neuronal density compared to controls (Figure S2B). Notably,
this selective neuronal vulnerability emerged in the context of
preserved synaptophysin-integrated density across all groups
(Figure S2C), indicating that presynaptic protein content and
synaptic structure remained intact despite neuronal loss. Simi-
larly, Iba1 immunoreactivity showed no significant differences,
suggesting the absence of persistent microglial activation at
this chronic stage (Figure S2D).

To assess the structural and functional integrity of the NVU,
we conducted transmission electron microscopy (TEM) and
measured neurovascular coupling via whisker-evoked cerebral
blood flow responses. At 6 months post-injury, FO-Suppl.
HFD-fed rimTBlI mice exhibited marked cerebrovascular
remodeling, including narrowed vessel lumens (Figure 3F) and
thickened basement membranes (Figure 3G), together with
widespread endothelial degeneration characterized by cyto-
plasmic vacuolization (Figure 3H) and nuclear condensation
(Figure 3l). Endothelial nuclei appeared hyperchromatic and
condensed, contrasting with the diffuse euchromatin in controls,
consistent with transcriptional arrest and metabolic stress within
a structurally compromised NVU."°® Importantly, these ultra-
structural abnormalities were accompanied by functional impair-
ment, as reflected by a blunted cerebral blood flow response
to sensory stimulation (Figures 3J-3M), indicating disrupted
neurovascular coupling. In contrast, assays of barrier integrity,
including 1gG extravasation and Prussian blue staining, did
not show overt leakage at this chronic time point
(Figures S1E-S1G). Together, these findings highlight a chronic
neurovascular phenotype in which substantial basement mem-
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brane remodeling and endothelial injury coincide with impaired
stimulus-evoked hemodynamic regulation, even when standard
permeability readouts do not detect gross extravasation.

Given these structural and functional changes, we next as-
sessed whether chronic FO-supplemented HFD influenced ce-
rebral lipid peroxidation. Quantification of 4-hydroxynonenal
(4-HNE) by immunohistochemistry and western blotting at
6 months post-injury (Figures S2E and S2F) revealed a trend to-
ward increased 4-HNE levels in both FO-Suppl. HFD sham and
FO-Suppl. HFD + rimTBI groups compared to controls, although
these differences did not reach statistical significance. This
modest, non-significant increase suggests a subtle elevation in
lipid peroxidation with prolonged omega-3 exposure; however,
its contribution to chronic neurovascular dysfunction remains
to be determined.

Together, these findings suggest that prolonged dietary EPA
enrichment may influence neurovascular structure and function
following rmTBI, potentially contributing to tauopathy and cogni-
tive impairment over time. This pathophysiological sequence,
characterized by endothelial degeneration within the NVU, base-
ment membrane thickening, and impaired hemodynamic re-
sponses, occurs without overt blood-brain barrier (BBB)
leakage, indicating a subclinical form of neurovascular dysfunc-
tion. These results suggest that sustained EPA exposure may
contribute to cerebrovascular remodeling and could influence
the brain’s vulnerability to progressive decline, highlighting the
importance of considering context when interpreting n-3 PUFA
effects.

EPA reprograms cortical transcriptional responses and
suppresses angiogenic signaling following TBI

To mechanistically dissect the transcriptional programs underly-
ing EPA-induced neurovascular fragility, we performed RNA
sequencing (RNA-seq) followed by weighted gene co-expres-
sion network analysis (WGCNA)®® on injured cortical tissue
from mice exposed to rimTBI and chronic FO-Suppl. HFD. This
systems-level approach identified discrete gene modules selec-
tively altered in FO-Suppl. HFD + rimTBI mice compared to all
control conditions, including purified diet + sham, purified
diet + rimTBI, and FO-Suppl. HFD + sham. Among the 32,057
transcripts analyzed, hierarchical clustering revealed 30 eigen-
gene modules, of which two, MEpurple (1,323 genes) and MEd-
arkred (743 genes), were significantly enriched (p < 0.05) in the
FO-Suppl. HFD + rimTBI group, representing a unique molecular
signature of chronic PUFA exposure in the injured brain
(Figures 4A and S3). Gene ontology analysis of these modules re-
vealed widespread dysregulation of transcriptional programs
critical for ECM homeostasis, angiogenic signaling, endothelial
proliferation and migration, and lipid metabolic pathways,
including fatty-acyl-CoA turnover (Figure 4B). Expression
heatmaps and violin plots further demonstrated distinct tran-
scriptional shifts across categories, such as ECM remodeling,
angiogenesis, and fatty acid metabolism, alongside perturba-
tions in solute carrier (SLC) transporters essential for brain endo-
thelial nutrient exchange (Figures 4C-4G). Taken together, these
findings suggest that chronic FO exposure post-TBI elicits
a coordinated alteration in neurovascular repair mechanisms
and metabolic adaptation. FO-Suppl. HFD + rIimTBI animals
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Figure 3. Chronic FO-Suppl. HFD exacerbates neurovascular pathology and impairs functional cerebrovascular responses following rimTBI
(A) Study design and experimental timeline: schematic outlining the sequence of dietary exposure, rimTBI induction, and longitudinal pathophysiological as-
sessments at 1 and 6 months post-injury.

(B-D) Hyperphosphorylated tau accumulation at the neurovascular unit: representative confocal images and Imaris 3D reconstructions of cortical microvessels
(B) demonstrate perivascular accumulation of hyperphosphorylated tau (AT8 immunoreactivity) in rimTBI mice fed a cyclic FO-Suppl. HFD. Scale bars, 20 pm.
Quantification of AT8 integrated density (C) and AT8-lectin colocalization (D) confirmed significantly greater tau deposition in the FO-Suppl. HFD + rimTBI group,
consistent with tauopathy localized to compromised NVU regions. n = 5 per group for perivascular histopathology.

(E-) Ultrastructural deterioration of cerebrovascular integrity: transmission electron microscopy of cortical microvessels (E) revealed pronounced cerebrovas-
cular remodeling in FO-Suppl. HFD + rimTBI mice, including reduced lumen area (F), increased endothelial vacuolization (G), basement membrane thickening (H),
and nuclear condensation in BMVECs (l). White arrowheads indicate endothelial cells’ normal euchromatic nuclei in control groups. The stars indicate the
endothelial vacuolization. Scale bars, 250 nm. n = 4 per group for ultrastructural analysis.

(J-M) Delayed impairment of neurovascular coupling: representative laser Doppler flowmetry traces (J) depict the CBF response to whisker stimulation.
Quantification at 1-month post-injury (K) revealed no significant changes in CBF dynamics across groups, indicating preserved early-phase neurovascular
coupling. By 6 months post-injury (L and M), FO-Suppl. HFD + rimTBI mice exhibited a significant reduction in stimulus-evoked CBF response and ACBF percent
increase, reflecting progressive neurovascular uncoupling and persistent cerebrovascular dysfunction. n = 5 per group for laser Doppler flowmetry.

Data are presented as mean + SEM. Statistical significance was determined using one-way or two-way ANOVA with Tukey’s, Sidak’s, or Dunnett’s multiple
comparisons post hoc tests, as appropriate. NS, not significant. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.
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Figure 4. Chronic FO-Suppl. HFD disrupts gene networks governing maladaptive ECM remodeling, angiogenesis, and fatty acid metabolism
following rimTBI

(A) Transcriptomic divergence via WGCNA clustering: hierarchical clustering of 2,090 differentially expressed genes identified by WGCNA on RNA-seq data from
injured cortical tissue. Z-score-normalized heatmap reveals a distinct transcriptional profile in FO-Suppl. HFD + rimTBI mice that segregates from all other
experimental conditions.

(B) Gene ontology terms associated with the FO-Suppl. HFD + rimTBI group highlight significant disruptions in extracellular matrix organization, endothelial cell
migration, angiogenic signaling, and fatty acid metabolic pathways, including p-oxidation and fatty-acyl-CoA turnover.

(legend continued on next page)
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exhibited marked suppression of genes required for ECM struc-
tural integrity and vascular stability.

Critical ECM scaffolding components such as Agrn, Tie1, and
Reck, key regulators of synaptic anchoring, vascular homeosta-
sis, and matrix metalloproteinase (MMP) inhibition,*°% were
significantly downregulated. Multiple a-collagen genes essential
for basement membrane formation®*°° (Col4al, Colda2,
Col6a4, Col6a6, and Col11a2) were also repressed, alongside
ECM turnover regulators from the Adamts protease family®®-°2
(Adamts7, Adamts10, Adamts14, and Adamts16), indicating an
impaired capacity for vascular remodeling. In contrast, profi-
brotic and matrix-depositing genes were upregulated, including
Tgfb2 and Serpinald, as well as fibrotic collagen isoforms
(Col18a1, Col4a3, Col4a4, Col8a1, and Col9a3), suggesting mal-
adaptive ECM remodeling and excessive matrix accumulation.

Key regulators of angiogenesis and endothelial stability were
also broadly suppressed.®**” The expression of Cldn5, Pecamf,
ltgal, and Itga2b, genes associated with endothelial junc-
tions and adhesion, was significantly downregulated in the
FO-Suppl. HFD + rimTBI group. Additionally, pro-angiogenic
signaling components, including Pdgfrp, Cxcl12, and vascular
basement membrane constituents Col4a1/Col4a2, were signifi-
cantly downregulated, reflecting a blunted angiogenic response
in the FO-Suppl. HFD + rImTBI brain. Interestingly, classic
pro-angiogenic ligands such as VEGFA, Angpt1/2, and FGF2
were not significantly altered. Instead, changes were enriched
in structural, matrix-associated, and cytoskeletal genes, sug-
gesting that EPA disrupts angiogenic competence via endothe-
lial destabilization rather than direct inhibition of angiogenic
signaling cascades.

Concurrently, transcriptomic analysis revealed a shift toward
enhanced lipid metabolic programming.®®~"? Genes involved in
fatty acid uptake and intracellular processing, including Ppara,
Fabp3, Cpt2, Acaa2, Pex2, and Pex13, were significantly upre-
gulated in the injured cortex of FO-Suppl. HFD-fed mice.
Because these data derive from bulk cortical tissue, these genes
cannot be ascribed to a single cell type, and many are expressed
by multiple neural and vascular cells. However, increasing
evidence suggests that endothelial cells utilize fatty acids for
homeostasis and angiogenesis, and that fatty acid-binding pro-
teins are implicated in endothelial function,*®"® suggesting that
alterations in lipid-handling pathways may influence both
vascular and parenchymal metabolic states following injury.

Cell Reports

Accordingly, the coordinated upregulation of these genes is
consistent with broader cortical metabolic reprogramming that
favors fatty acid engagement, potentially involving contributions
from the neurovascular compartment. Rather than supporting
reparative biosynthesis, this shift may reflect a maladaptive real-
location of metabolic resources in the post-injury environment.
Parallel transcriptomic alterations were also observed in SLC
transporter genes,”*’® including Slc22a18, Sic28a3, Slc16a8,
and Slc1a7, which regulate ion, nutrient, and metabolite flux
across the BBB. Disruption of these transport systems may
further compromise vascular and metabolic homeostasis
following injury. To validate these transcriptomic trends, we per-
formed immunofluorescence staining of injured cortical sec-
tions, which confirmed reduced expression of ECM-associated
proteins Col6a6, Agrn, and Col4a1 (Figures 41-4K). Quantitative
reverse-transcription PCR (RT-gPCR) analysis further supported
transcriptional dysregulation, revealing downregulation of endo-
thelial stability markers Claudin-5 and Endoglin (Eng) alongside
upregulation of Ppara (Figures 4H and S4), consistent with FO-
Suppl. HFD-driven endothelial remodeling in the injured brain.

Lipidomic profiling over 6 months revealed sustained cerebral
accumulation of EPA in sham animals maintained on the FO-
Suppl. HFD. Following injury, however, EPA was selectively
and substantially depleted in rimTBI mice, despite continued
dietary exposure, suggesting preferential mobilization and meta-
bolic utilization of EPA under conditions of elevated energy de-
mand. In contrast, DHA levels remained unchanged, highlighting
a selective vulnerability in EPA handling. This depletion, following
prior EPA enrichment, may reflect a metabolic priming effect that
influences transcriptional responses after injury. To further eluci-
date the mechanism underlying EPA’s selectivity, we performed
in silico target prediction using SwissTargetPrediction. This
analysis revealed high predicted binding probabilities for EPA
to nuclear receptors, including peroxisome proliferator-acti-
vated receptors (PPARs) and fatty acid-binding proteins such
as FABP4 (Figures 4L, S7, and S8). These findings suggest
that EPA, but not DHA, may preferentially interact with transcrip-
tional regulators of fatty acid metabolism, in a manner consistent
with our transcriptomic data indicating modulation of fatty
acid-responsive gene networks involved in vascular and meta-
bolic adaptation to injury.

Together, these findings reveal that sustained dietary EPA
exposure in the context of brain injury triggers a coordinated

(C—F) Pathway-specific transcriptional shifts: Z-score-normalized heatmaps illustrate widespread gene dysregulation in FO-Suppl. HFD + rimTBI mice across
four major categories: (C) ECM remodeling, (D) angiogenesis, (E) fatty acid metabolism, and (F) SLC transporters, underscoring global reprogramming of ce-
rebrovascular repair machinery and metabolic substrate handling.

(G) Violin plots of key regulatory genes: quantification of representative genes from each disrupted category confirms selective transcriptional remodeling in the
FO-Suppl. HFD + rimTBI group, including fatty acid metabolism drivers (Ppara, Cpt2, and Pex13), angiogenesis-related genes (Pecam1, Tie1, and Reck), and
ECM regulators (Col4al, Colda4, MMP25, and Serpinald). n = 3—4 per group for transcriptomic analysis.

(H) RT-gPCR validation: quantitative PCR confirmed significant differential expression of Claudin 5, Ppara, and Eng, reinforcing FO-Suppl. HFD-induced im-
pairments in endothelial integrity and vascular remodeling. n = 4 per group for RT-qPCR analysis.

(I-K) Immunofluorescence validation of maladaptive ECM remodeling: cortical staining confirmed downregulation of ECM components Col6a6 (l), Agrn (J), and
Coldal (K) in FO-Suppl. HFD + rimTBI mice, supporting a matrix environment prone to maladaptive remodeling. Scale bars, 20 pm. n = 4 per group for
immunofluorescence analysis.

(L) SwissTargetPrediction analysis shows distinct target profiles for EPA and DHA. EPA strongly predicted binding to PPARa (probability = 0.84) and FABP4,
whereas DHA exhibited weaker interactions with nuclear receptors, consistent with their divergent signaling effects (Figures S3 and S4).

Data are presented as mean + SEM. Statistical significance was determined using one-way or two-way ANOVA with Tukey’s, Sidak’s, or Dunnett’s multiple
comparisons post hoc tests, as appropriate. NS, not significant. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.
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transcriptomic shift characterized by impaired ECM organiza-
tion, suppressed angiogenic and reparative signaling, upregula-
tion of fatty acid oxidation pathways, and dysregulation of BBB
transport systems. This molecular remodeling may reflect
reduced metabolic flexibility and altered neurovascular homeo-
stasis in the context of post-injury stress. By establishing a
mechanistic link between EPA accumulation, injury-induced
metabolic reprogramming, and failed recovery, these results
challenge long-standing assumptions of n-3 PUFA benefit and
identify a latent risk axis in lipid-based interventions. These find-
ings contribute to a growing framework for understanding how
dietary lipids interact with injury-adapted metabolism to shape
long-term brain outcomes.

EPA utilization under permissive metabolic conditions
impairs angiogenesis and endothelial integrity,
recapitulating post-TBI cerebrovascular dysfunction
Angiogenesis is a cornerstone of neurovascular repair following
TBI, requiring a coordinated interplay among endothelial cells,
ECM remodeling, and adaptive energy metabolism.*>"” In our
in vivo model, prolonged exposure to a cyclic FO-Suppl. HFD
led to progressive accumulation of EPA in the brain under ho-
meostatic conditions; however, following TBI, EPA levels were
selectively depleted, indicating preferential mobilization during
the recovery phase and implicating EPA in sustained, injury-
associated lipid remodeling. This shift was accompanied by
prominent transcriptomic signatures of suppressed angiogen-
esis, ECM destabilization, and lipid metabolic reprogramming,
suggesting that EPA exposure may predispose the vasculature
to maladaptive remodeling and impair recovery following injury.

To mechanistically interrogate this vulnerability, we used
BMVECs, the principal cellular mediators of angiogenesis and
vascular stability, to assess whether EPA directly impairs repar-
ative processes under conditions permissive for fatty acid
engagement, thereby simulating the post-TBI metabolic milieu.
Under physiological conditions, BMVECs rely predominantly
on glycolysis for ATP production, reflecting an intrinsic metabolic
preference for glucose over fatty acids due to their limited
p-oxidation capacity.°® However, following injury, elevated en-
ergy demands may trigger a compensatory shift in endothelial
metabolism, leading to increased reliance on alternative sub-
strates, such as fatty acids. To model this shift in vitro, we estab-
lished a permissive metabolic environment in human-derived
BMVECs (HBEC-5i) using AICAR, an AMP-activated protein ki-
nase (AMPK) agonist that enhances mitochondrial substrate
flexibility,”® and L-carnitine, a cofactor that facilitates long-chain
fatty acid transport into mitochondria. This approach simulates
post-injury conditions that favor fatty acid engagement and en-
ables targeted interrogation of the effects of EPA and DHA on ce-
rebrovascular adaptation.

EPA, but not DHA, was associated with reduced angiogenic
network formation under fatty acid-permissive conditions. In
an endothelial tube formation assay, EPA (100 pM) combined
with AICAR and L-carnitine (EPA + AC) significantly disrupted
vascular network formation, reducing nodes (Figure 5B),
junctions (Figure 5C), segments (Figure 5D), and meshes
(Figure 5E), relative to vehicle and EPA-alone. In contrast, DHA
(100 pM), with or without AICAR-carnitine, had no significant
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effect on angiogenic capacity (Figures 5A-5E), suggesting that
EPA may interfere with angiogenic network formation under
metabolic conditions that enhance fatty acid utilization, and
highlighting a heightened endothelial sensitivity to EPA exposure
in such contexts. The in vitro EPA and DHA concentrations
(100 pM) were selected to reflect upper-range exposure
conditions achievable through repeated supplementation or mi-
crodomain accumulation. Importantly, EPA alone did not affect
angiogenesis in standard culture but impaired reparative
dynamics only under permissive metabolic stimulation, under-
scoring a context-dependent mechanism. To investigate the
molecular underpinnings of this dysfunction, we assessed the
expression of claudin-5 and VE-cadherin, key structural proteins
essential for endothelial cohesion, alongside the lipid-sensing
nuclear receptor PPARa. EPA treatment under fatty acid-permis-
sive conditions (EPA + AC), but not DHA, induced progressive
downregulation of both claudin-5 and VE-cadherin, accompa-
nied by upregulation of PPAR«a (Figures 5F-5H, S5, and S6).
These findings suggest that EPA exposure under fatty acid-
permissive conditions may influence endothelial phenotype
and reduce angiogenic capacity.

To assess functional consequences, real-time impedance
measurements using electric cell-substrate impedance
sensing (ECIS) revealed a rapid decline in trans-endothelial
electrical resistance (TEER) within 48 h of EPA + AC treatment,
which continued to deteriorate through day 3 (Figure 5I), indi-
cating compromised monolayer integrity and suppressed
expansion. In a complementary ECIS-based wound healing
assay, EPA + AC significantly delayed endothelial wound
closure, while EPA alone had no detectable effect
(Figure 5J). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assays further supported these findings,
showing a time-dependent decline in BMVEC viability under
EPA + AC conditions (Figure 5K).

These findings demonstrate that EPA, when metabolically
engaged under conditions permissive to increased fatty acid
flux, disrupts angiogenic signaling, destabilizes endothelial
cohesion, and impairs reparative capacity, recapitulating key
endothelial features of the neurovascular dysfunction observed
in vivo following prolonged FO-supplemented HFD exposure in
rimTBI.

CTE brain reveals neurovascular and fatty acid
metabolic reprogramming consistent with EPA-linked
vulnerability

CTE is a progressive neurodegenerative disease linked to repet-
itive head trauma, but the role of chronic metabolic dysfunction,
particularly in fatty acid handling, remains unresolved. Increasing
evidence suggests that, beyond direct mechanical injury, meta-
bolic inflexibility may contribute to cerebrovascular vulnerability.
While our in vivo and in vitro models demonstrate that EPA is
selectively mobilized under injury-induced metabolic demand,
destabilizing endothelial architecture and impairing reparative
signaling, it remains unclear whether the chronic disease state
is characterized by similar or distinct forms of PUFA dysregula-
tion. To address this, we examined postmortem brain tissue
from neuropathologically confirmed CTE cases, aiming to deter-
mine whether signatures of maladaptive fatty acid metabolism
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Figure 5. EPA-driven metabolic engagement disrupts endothelial integrity, angiogenesis, and regenerative capacity under conditions
permissive to fatty acid utilization

(A-E) Impaired angiogenesis under EPA-driven metabolic conditions: cerebrovascular angiogenesis was assessed using a tube formation assay in human
BMVECs. Representative calcein AM-stained images. Scale bars, 500 pm. (A) EPA, in combination with AICAR-carnitine (EPA + AC), markedly disrupted vascular
network formation compared to control, AICAR-carnitine alone, EPA alone, DHA, or DHA + AC treatments. Quantification of angiogenic parameters, including
node (B), junction (C), mesh (D), and segment (E) formation, demonstrated a significant reduction in angiogenic capacity only in the EPA + AC group.

(F-H) Western blot analysis of endothelial integrity and metabolic shift: protein expression of claudin-5, VE-cadherin, and PPAR«a was assessed on days 1 and 3.
EPA + AC (G), but not DHA + AC (H), treatment led to a pronounced reduction in claudin-5 and VE-cadherin, indicating junctional destabilization, while
concurrently upregulating PPARa, consistent with a shift toward fatty acid oxidation and metabolic reprogramming.

(I) Trans-endothelial electrical resistance (TEER) analysis of endothelial integrity: TEER measurements across a 72-h window revealed that EPA + AC treatment
induced a progressive decline in barrier resistance, suggesting compromised endothelial stability and tight junction function. No comparable decline was
observed in the other treatment groups.

(J) Delayed endothelial wound repair: an ECIS-based electrical wound healing assay showed that BMVECs treated with EPA + AC exhibited significantly
delayed migration into the wound zone over 24 h, relative to all other groups. EPA alone did not impair migration, indicating the fatty acid-permissive
metabolic context.

(K) Suppressed proliferation under permissive metabolic conditions: MTT assays revealed that EPA + AC treatment caused a significant, time-dependent decline
in BMVEC viability on both days 1 and 3. This effect was not observed in control, EPA-alone, or DHA-treated groups, highlighting the metabolic specificity of
EPA’s detrimental impact. All in vitro experiments were performed using three independent biological replicates per condition.

Data are presented as mean + SEM. Statistical significance was determined using one-way or two-way ANOVA with Tukey’s, Sidak’s, or Dunnett’s multiple
comparisons post hoc tests, as appropriate. NS, not significant. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.

and cerebrovascular dysfunction persist in the chronic phase of
disease. This human analysis provides a translational context for
interpreting our experimental findings and extends their rele-
vance to clinical neurodegeneration.

We analyzed superior frontal cortex tissue from six neuropa-
thologically confirmed CTE cases with a history of repetitive
TBI (all < 75 years old) and six age- and sex-matched neurolog-
ically healthy controls (Figure 6A). Lipidomic profiling via HPLC-
MS/MS revealed marked enrichment of PUFAs in CTE brains,
including ~150% elevations in EPA and DHA and an 80% in-
crease in arachidonic acid (AA) relative to controls (Figure 6C).
Importantly, these differences were independent of body
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mass index (Figure 6B), suggesting intrinsic brain-specific alter-
ations in fatty acid metabolism. This region-specific PUFA
accumulation may reflect a metabolic disturbance that contrasts
with the EPA depletion observed in our murine model—yet both
patterns point to disrupted homeostatic PUFA handling in
the context of traumatic stress. To determine whether this meta-
bolic disturbance was accompanied by broader transcriptional
remodeling, we performed RNA-seq on matched cortical
tissue from confirmed CTE cases and controls. Differential
expression analysis identified 2,678 significantly dysregulated
genes (Figure 6D), spanning key biological domains including
fatty acid metabolism, ECM remodeling, angiogenesis, and
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neuroinflammation (Figure 6E). Fatty acid metabolism pathways
exhibited widespread disruption (Figure 6F), including differen-
tial regulation of genes governing oxidation (e.g., PRKAB1 and
ACACB), elongation (e.g., ELOVL7), and desaturation. Downre-
gulation of FABP5, ACLY, and MTMR6 suggested impaired lipid
turnover and compromised energy-sensing capacity, whereas
upregulation of PPARA, YAP1, TEAD1, and PLIN2 indicated
increased peroxisomal lipid handling and lipid droplet formation,
hallmarks of metabolic reprogramming. Concomitantly, ECM-
related genes (Figure 6G) were markedly altered, including
downregulation of AGRN and MMP9, critical for matrix remodel-
ing and synaptic stability, and upregulation of COL8A1 and
LRP4, suggesting pathological ECM restructuring. Angiogen-
esis-associated transcripts, including VE-cadherin (CDHS5;
Figure 6H), were significantly reduced, indicating impaired endo-
thelial integrity. Perturbations in solute carrier (SLC) transporter
expression (Figure 6l) indicated further disruption of nutrient
and ion exchange at the blood-brain interface. Visualization
through heatmaps and violin plots (Figure 6J) revealed consis-
tent directional shifts in key gene clusters associated with
fatty acid processing, vascular maintenance, and structural sta-
bility. gPCR (Figures 6K and S4) and western blot validation
(Figures 6L and S7) confirmed differential expression of repre-
sentative targets including PPARA, ELOVL7, LRP4, COL8AT1,
and VE-cadherin. These findings are consistent with the possibil-
ity that chronic PUFA accumulation in CTE may be associated
with transcriptional remodeling, affecting vascular and metabolic
pathways. In support of persistent neurovascular disruption,
AT8 immunostaining revealed accumulation of hyperphosphory-
lated tau in both neuronal and perivascular compartments of
affected cortical regions (Figures 6M-6P), a defining feature of
disease progression and a spatial signature suggestive of NVU
compromise. This pattern is consistent with a model where
persistent vascular alterations may be involved in the progres-
sion of tau pathology in CTE.

Cell Reports

The coordinated disruption of fatty acid metabolism, angio-
genic signaling, and ECM remodeling defines a maladaptive
axis in which impaired PUFA handling compromises vascular
repair, destabilizes the neurovascular unit, and contributes
to progressive neurodegeneration. While it remains unclear
whether these alterations initiate disease or represent down-
stream adaptations to cumulative trauma, their reproducibility
across in vivo, in vitro, and human systems highlights a shared
and potentially targetable vulnerability. These insights raise
the possibility that targeted modulation of cerebral PUFA meta-
bolism could inform therapeutic strategies for TBI and related
neurodegenerative conditions.

DISCUSSION

Long-chain n-3 PUFAs, particularly EPA and DHA, are widely
regarded as neuroprotective dietary components. While DHA
plays a well-established role in promoting membrane fluidity,
synaptic resilience, and neurodevelopmental resilience,”® the
role of EPA in the injured brain remains less defined. Unlike
DHA, EPA is minimally incorporated into neuronal membranes
and has been associated with adverse cognitive and synaptic
outcomes in preclinical models.**#° In this study, we directly
challenge the prevailing assumption that all n-3 PUFAs confer
uniform benefit across physiological states. Instead, our data
reveal that sustained cerebral accumulation of EPA, under
physiologically relevant dietary conditions, constitutes a latent
metabolic liability that becomes unmasked in the context of
repetitive mild TBI. This vulnerability appears to manifest
through impaired vascular repair, endothelial stress, and mal-
adaptive remodeling within the NVU, processes that may
fundamentally redefine the cerebrovascular impact of dietary
PUFAs and underscore the need for precision-guided strate-
gies that account for context-dependent lipid metabolism in
brain injury and disease.

Figure 6. Lipidomic and transcriptomic remodeling in the human CTE brain reveals metabolic reprogramming, impaired angiogenesis, and
neurovascular destabilization

(A) Cohort overview: summary of neuropathologically verified human brain samples from the superior frontal cortex of patients with CTE and age- and sex-
matched neurologically healthy controls.

(B and C) Lipidomic reprogramming in CTE cortex: despite no significant differences in body mass index (BMI) between groups (B), HPLC-MS/MS-based free
fatty acid profiling (C) revealed profound PUFA accumulation in CTE brains, including marked elevations in EPA, DHA, and arachidonic acid, indicative of dis-
rupted lipid homeostasis and sustained metabolic stress.

(D and E) Global transcriptional dysregulation in CTE: hierarchical clustering of 2,678 differentially expressed genes (D) from RNA-seq analysis of the superior
frontal cortex reveals robust separation between CTE and control brains, highlighting widespread transcriptomic remodeling. Gene ontology enrichment analysis
(E) identified significant perturbations in angiogenesis, neuroinflammation, wound healing, maladaptive ECM remodeling, and fatty acid metabolism.

(F-1) Pathway-specific transcriptional remodeling: heatmaps of Z-score-normalized gene expression values illustrate distinct regulatory shifts in the CTE across
key pathways: fatty acid metabolism (F), extracellular matrix structure (G), angiogenesis (H), and SLC transporter function (I).

(J) Violin plots of pathway-specific gene expression: differential expression in CTE brains included upregulation of lipid regulators (PPARa, ACACB, and YAP1),
ECM and vascular remodeling genes (LRP4, COL8A1, ITGAM, and CTSL), and angiogenic mediators (WNT5A, PKM, AGGF1), consistent with maladaptive
vascular remodeling and metabolic reprogramming.

(K and L) Molecular validation of transcriptomic signatures: RT-qPCR (K) confirmed increased expression of PPAR«, LRP4, ELOVL7, and COL8A1, reinforcing
dysregulated fatty acid metabolism and maladaptive ECM remodeling in CTE. Western blot analysis (L) revealed downregulation of VE-cadherin, MMP9, and
agrin, indicating compromised endothelial junctions and matrix degradation.

(M-P) Perivascular tauopathy in CTE cortex: immunofluorescence staining and Imaris 3D reconstruction (M) confirmed pathological accumulation of hyper-
phosphorylated tau (AT8) in the perivascular regions of the superior frontal cortex in CTE. Quantification of AT8 integrated density (N), Col4a1 expression (O), and
AT8-Col4a1 colocalization (P) demonstrated enhanced perivascular tau deposition and NVU-specific degeneration. Each group comprised six subjects for each
corresponding analysis (n = 6 CTE and n = 6 control).

Statistical significance was determined using unpaired two-tailed Student’s t test (two-group comparisons) or one-way ANOVA with Tukey’s multiple com-
parisons post hoc test (multi-group comparisons), as appropriate. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Across our complementary studies, we demonstrate that
chronic EPA enrichment perturbs cerebrovascular fatty acid
metabolism, impairs vascular repair, and contributes to progres-
sive neurovascular dysfunction under conditions of elevated
metabolic demand. In our cyclic FO-supplemented HFD model,
designed to emulate real-world patterns of fish oil intake, EPA
selectively accumulated in the brain without affecting peripheral
metabolic parameters. Consistent with our lipidomic profiles,
circulating EPA levels in FO-fed TBI mice were reduced relative
to FO-fed sham mice, although they remained higher than in an-
imals maintained on the purified control diet. Cerebral retention
of EPA remained stable under homeostatic conditions but was
rapidly mobilized following rimTBI, indicating preferential sub-
strate utilization in response to injury-adaptive metabolic condi-
tions. While the FO-supplemented diet included both EPA and
DHA, only EPA exhibited coordinated diet- and injury-related
shifts in both circulation and cortex, whereas DHA remained sta-
ble in the brain despite modest increases in blood. This divergent
pattern reflects the more conserved, phospholipid-bound nature
of brain DHA and the more rapidly metabolized, beta-oxidized
profile of EPA,?'~8% supporting that EPA, rather than DHA, acts
as the principal mediator of injury-associated lipid reprogram-
ming in our model.

Rather than conferring resilience, this metabolic shift coin-
cided with impaired endothelial repair, destabilization of the
NVU, and progressive vascular and cognitive decline. Notably,
these effects were absent in animals maintained on continuous
purified diets, underscoring a functional divergence in PUFA
handling and injury response.®” Structural and functional
profiling revealed that FO-Suppl. HFD + rimTBI mice exhibited
pronounced thickening of the basement membrane, ultrastruc-
tural endothelial degeneration, and impaired neurovascular
coupling, yet lacked detectable tracer extravasation, defining a
latent cerebrovascular fragility state that may be missed by con-
ventional permeability-focused assessments. This pattern is
aligned with prior reports of persistent perivascular extracellular
matrix remodeling in juvenile TBI models, where elevated fibro-
nectin and perlecan expression were accompanied by reduced
vessel diameter up to 6 months post-injury.®* More broadly,
converging preclinical and human data suggest that enduring
NVU dysfunction, including structural remodeling and impaired
cerebrovascular regulation, may evolve independently of BBB
disruption and is sensitively detected by neurovascular coupling
and cerebrovascular reactivity assessments.®*®’ These findings
position our model within a growing recognition that cerebrovas-
cular health must be evaluated beyond permeability metrics
alone and that dietary PUFA context can shape long-term NVU
vulnerability through mechanisms that involve both structural re-
modeling and physiological dysregulation. Although neuronal
tau pathology and neuron loss were evident, there were no
significant changes in presynaptic density or chronic Iba1 immu-
noreactivity, suggesting that neuronal vulnerability occurred
independently of overt synaptic loss or persistent microglial
activation.

In our study, we observed a non-significant, mild trend
toward increased 4-HNE expression in FO-supplemented
groups, suggesting that prolonged omega-3 exposure may
modestly increase cerebral vulnerability to oxidative stress,
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particularly after repeated injury. The possibility that cumulative
lipid peroxidation and ferroptotic signaling may contribute to
delayed neurovascular dysfunction remains to be determined
and represents an important direction for future investigation.
Longitudinal studies will be essential to determine whether lipid
peroxidation represents a transient response or a progressive
driver of vascular compromise after brain injury.

While our current focus was on downstream endothelial phe-
notypes and transcriptional reprogramming, future work will
investigate upstream mechanisms of EPA uptake and distribu-
tion, particularly the roles of fatty acid transport proteins, such
as FATPs/SLC27 family members and FABPs, which may influ-
ence tissue-selective EPA delivery under stress conditions.
Our in vitro model of metabolically adapted human BMVECs pro-
vided mechanistic validation. Under conditions permissive to
increased fatty acid utilization, via AICAR-mediated AMPK acti-
vation and L-carnitine, EPA, but not DHA, suppressed angio-
genic capacity, delayed wound closure, and downregulated
key endothelial cohesion markers claudin-5 and VE-cadherin.

These structural and functional disruptions coincided with up-
regulation of lipid-sensing nuclear receptors, including PPARa,
suggesting that EPA exposure under conditions permissive to
fatty acid utilization reprograms endothelial behavior away
from reparative competence. While prior studies have shown
that omega-3 PUFAs, particularly DHA or mixed EPA/DHA for-
mulations, can promote angiogenesis in developmental and
retinal models,®®%° these effects may not generalize to all tissues
or physiological states. Our findings suggest that, in the context
of adult brain injury, sustained EPA exposure may impair endo-
thelial cohesion and regenerative capacity through mechanisms
distinct from those seen in development. This apparent diver-
gence likely reflects key differences in developmental versus
injury-induced angiogenesis. Whereas retinal or embryonic
models reflect tightly regulated vascular growth during develop-
ment or early-life stress, post-traumatic cerebrovascular remod-
eling in the adult brain occurs alongside inflammation, ECM reor-
ganization, and metabolic strain. Within this context, EPA
disrupted angiogenic signaling and vascular stability, underscor-
ing the need to interpret omega-3 PUFA effects through a lens of
tissue specificity, lipid composition, and metabolic environment.
To further explore potential receptor-level mechanisms, we con-
ducted SwissTargetPrediction analysis, which revealed high
predicted binding probabilities between EPA and PPARa and
FABP4, key lipid sensors involved in transcriptional regulation,
while DHA showed lower affinity for these targets. These predic-
tions align with our transcriptomic data and will require future
experimental validation (Figures S8 and S9).

Postmortem analysis of neuropathologically confirmed CTE
brain tissue revealed molecular and metabolic features that
converge with those observed in our experimental models. Lip-
idomic profiling of the superior frontal cortex demonstrated
aberrant regional accumulation of EPA, DHA, and arachidonic
acid, despite stable body mass index, indicating localized
disruption of PUFA homeostasis. Transcriptomic analysis
identified extensive gene dysregulation affecting pathways
involved in fatty acid metabolism, ECM remodeling, angiogen-
esis, and neuroinflammation, including prominent upregulation
of peroxisomal 3-oxidation components and downregulation of
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endothelial repair pathways. Protein-level and immunohisto-
chemical validation revealed perivascular tau accumulation,
downregulation of VE-cadherin, and overexpression of
COLB8A1, markers consistent with chronic vascular stress and
maladaptive matrix remodeling.

Together, these multi-platform findings suggest that EPA,
while often regarded as neuroprotective, may play a context-
dependent role in shaping metabolic responses in the injured
brain, thereby undermining cerebrovascular resilience through
maladaptive engagement of endothelial lipid metabolism.
Across complementary models, chronic EPA enrichment disrup-
ted angiogenic signaling, destabilized endothelial cohesion, and
promoted ECM remodeling, defining a mechanistic axis of
vascular vulnerability in the post-injury setting. Rather than sup-
porting adaptive energy metabolism, the elevated ACACB
expression observed in both FO-supplemented HFD-fed rimTBI
mice and human CTE cortex may reflect a maladaptive feedback
response to chronic lipid accumulation and impaired beta-oxida-
tion capacity. ACACB encodes acetyl-CoA carboxylase-p
(ACC2), which generates malonyl-CoA, a potent allosteric inhib-
itor of carnitine palmitoyltransferase 1 (CPT1), the rate-limiting
enzyme for mitochondrial long-chain fatty acid uptake and
B-oxidation. Elevated ACACB expression may therefore reflect
a maladaptive feedback response to chronic lipid accumulation
and impaired p-oxidation capacity, whereby higher malonyl-CoA
levels act to restrain excessive fatty acid flux into mitochondria
under sustained metabolic stress. While this interpretation re-
mains speculative, the convergence of this molecular signature
across species and pathological contexts suggests a broader
axis of vulnerability in chronic neurodegenerative states marked
by PUFA dysregulation and vascular compromise.

Notably, these causal links were empirically demonstrated un-
der controlled, injury-relevant conditions in both in vivo and
in vitro systems. Moreover, our postmortem human CTE brain
tissue analysis provides a translationally significant but observa-
tional window into chronic disease and underscores a shared
vulnerability axis across models and disease. Our findings
establish a consistent association between cerebral EPA deple-
tion and vascular gene-expression patterns enriched for endo-
thelial and ECM remodeling pathways. While the present study
does not resolve causality, the convergence of lipidomic, tran-
scriptomic, and phenotypic data across in vivo, in vitro, and hu-
man models represents a significant conceptual advance. We
propose that PPARa-driven f-oxidation may initially serve as
an adaptive response to injury-induced energy demand, but
with chronic EPA exposure or impaired vascular repair, this
axis may become maladaptive and contribute to progressive
neurovascular dysfunction. Future work integrating targeted
metabolic flux profiling and receptor-specific modulation will
be critical to elucidate the directionality and therapeutic implica-
tions of this lipid—vascular axis.

This convergence of experimentally defined mechanisms with
disease-associated molecular signatures suggests that mal-
adaptive PUFA handling may be an overlooked contributor to
neurovascular compromise in chronic brain injury. Nevertheless,
further investigation is warranted to elucidate whether these
molecular signatures in CTE reflect initiating pathogenic events
or secondary adaptations to cumulative injury. Our findings

14  Cell Reports 45, 117135, April 28, 2026

Cell Reports

challenge the prevailing assumption that all omega-3 fatty acids
confer uniform benefit across physiological states, instead
supporting a paradigm in which dietary PUFA effects are highly
context-dependent. We also acknowledge the absence of me-
tabolomic profiling as a limitation; future integration with lipido-
mic and flux-based approaches will be essential to fully define
EPA’s metabolic fate and downstream signaling effects in vivo.
This conceptual shift carries important implications for precision
nutritional guidance, therapeutic lipid formulation, and the
design of interventional trials, not only for TBI-related neurode-
generation but also for chronic neurological conditions in meta-
bolically vulnerable populations.

Limitations of the study

This study integrates dietary manipulation, neurovascular phe-
notyping, multiomics, mechanistic endothelial assays, and hu-
man postmortem tissue analysis to define an EPA-associated
vulnerability following repetitive mild brain injury. Several limita-
tions should be considered when interpreting these findings.
First, bulk cortical transcriptomics cannot assign lipid metabolic
and vascular gene-expression programs to a single cell type;
therefore, future single-cell and spatial profiling will be important
for localizing these injury-associated programs within the neuro-
vascular unit. Second, the postmortem CTE analyses provide
translationally meaningful alignment with the experimental
models but remain observational and cannot establish direction-
ality or causality between omega-3 remodeling and vascular
dysfunction. Third, in silico target and pathway predictions are
hypothesis-generating and require direct experimental valida-
tion with receptor-level assays, genetic perturbation, and meta-
bolic flux-based approaches. Fourth, our in vitro system models
a permissive metabolic state that supports causal testing of
endothelial repair phenotypes, but it does not fully capture the
multicellular inflammatory, matrix, and hemodynamic features
that shape vascular adaptation after brain injury. Finally, our
in vivo studies were performed in male mice only, which im-
proves internal consistency but limits inference regarding sex
dependent differences in omega-3 handling and neurovascular
repair after repetitive mild injury. Likewise, the postmortem hu-
man arm included male donors only, reflecting tissue availability
for this cohort and region, and therefore does not address
whether similar lipid metabolic and vascular signatures are pre-
sent in female CTE.

An additional limitation relates to contextual variables that
likely shape omega-3 handling and neurovascular resilience,
particularly in human disease. Premorbid factors such as diet
and supplementation history, lifestyle and activity profiles, medi-
cation exposure, vascular comorbidities, and genetic back-
ground are not fully available for the CTE cohort. Peripheral lipid
profiling is also not consistently accessible, which limits direct
linkage between systemic exposure and brain lipid content.
These gaps reinforce a broader, clinically relevant concept: the
effects of omega-3 exposure following repetitive head impacts
are context-dependent and may differ across individuals based
on baseline metabolism and exposure history. This issue is espe-
cially relevant to neurology and psychiatry, where cumulative
environmental factors often modulate vulnerability and clinical
trajectory. Relatedly, while repetitive head impact is a major
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risk factor for CTE, it is not deterministically causal, and unmea-
sured modifiers likely contribute to disease heterogeneity. In this
study, we deliberately prioritize brain regions with robust tau pa-
thology to maximize disease signal, but future work could extend
these analyses to less affected regions to test whether similar
metabolic shifts emerge outside canonical disease territories
and to clarify how metabolic remodeling relates to regional
vulnerability and progression.
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anti-phospho-tau (Ser202/Thr205)
FITC-conjugated Lycopersicon esculentum

lectin (LEL 488)

anti—collagen type VI alpha 6 (Col6a6)
anti-agrin

anti—collagen type IV alpha 1 (Col4a1)
Calcein AM Viability Dye
anti-VE-cadherin

anti-claudin-5

anti-peroxisome proliferator-activated
receptor alpha (PPARw/NR1C1)
anti-matrix metalloproteinase 9 (MMP9)

anti—p-actin-peroxidase conjugate

HRP-conjugated secondary antibodies

Thermo Fisher Scientific
Vector Laboratories

Novus Biologicals

Novus Biologicals

Invitrogen

Invitrogen

Cell Signaling Tech.

Invitrogen

Novus Biologicals

Invitrogen

Millipore Sigma

Bio-Rad

Cat # MN1020 RRID:AB_223647
Cat #DL1174
RRID:AB_2336404

Cat # NBP2-14546
RRID:AB_3261932

Cat # NBP1-90209
RRID:AB_11029656

Cat # MA5-47009
RRID:AB_2938081

Cat # 65-0853-39

RRID:NA

Cat # 93467

RRID:AB_3683680

Cat # 35-2500

RRID:AB_87321

Cat # NB600-636

NB600-636; RRID: AB_3195588
Cat # MA5-15886
RRID:AB_11157246

Cat # A3854

RRID:AB_262011

Cat # 1706515 and 1706516
RRID:AB_11125142 or AB_11125547

Biological samples

Human postmortem brain tissue (superior
frontal cortex)

VA BU CLF Brain Bank, Boston University
Alzheimer’s Disease Center CTE Program

D239

Chemicals, peptides, and recombinant proteins

Blotting grade blocker NON-FAT DRY MILK
TBS with Tween™ (TBST), 20X, 5L

4-12% Bis-Tris polyacrylamide gels

Bovine Serum Albumin (BSA), Fraction V, heat
shock treated

Immobilon Western Chemiluminescent HRP
Substrate

Hydrogen Peroxide
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PBS (Phosphate Buffer Saline)
Gelatin

endothelial cell growth medium
Medium 199
penicillin-streptomycin

Fetal bovine serum (FBS)
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Docosahexaenoic acid (DHA)
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Thermo Fisher
Thermo Fisher
Thermo Fisher

Millipore Sigma

Fisher Chemical
Thermo Fisher
Corning
Sigma-Aldrich
VEC Technologies
Fisher Scientific
Thermo Fisher
ATCC
Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich

Cat # 170-6404
Cat #J77500.K8
Cat # WG1402BOX
Cat # BP1600-100

Cat # WBKLS0500

Cat #H325-500
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Cat# MCDB-131
MT10060CV
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eicosapentaenoic acid (EPA) Cayman Cat # 901110

fatty acid-free BSA Fisher Bioreagents Cat # BP9704-100
NaCl Sigma-Aldrich Cat #59888
Growth factor-reduced Matrigel Corning Cat # 354230
Calcein-AM Thermo Scientific Cat # 65-0853-39
4-MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5- Thermo Scientific Cat #M6494
Diphenyltetrazolium Bromide)- M6494 1 g

RNeasy Mini Kit Qiagen Cat # 74104
High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat # 4368814
TagMan Gene Expression Assays Applied Biosystems Cat # 4331182
LightCycler 480 SYBR Green | Master Mix Roche Cat # 04707516001
Forane (Isoflurane), 100mL Isospire N/A

Ketamine HCL INJ 100 MG/ML 5 mL VI NDC Cat # 0143-9509-01
Xylazine Injection 100mg/ml, 50 mL Dechra Cat # 07-893-8424

Paraformaldehyde 4% Glutaraldehyde 1% In
0.1M Phosphate Buffer pH7.0

Sodium Citrate Buffer (pH = 6)
Tri-Sodium Hydrate (MW = 294.1q)
Distilled Water

Electron Microscopy Sciences

Thermo Scientific
Thermo Scientific
Thermo Scientific

Cat # 15949

Cat #J61815.AK
Cat # AC447292500
Cat # 15230204

Deposited Data

Raw and analyzed Bulk-RNA Seq data for This Paper GSE319252
Mouse

Raw and analyzed Bulk-RNA Seq data for This Paper GSE319253
Human

Experimental models: Cell lines

Human brain microvascular endothelial cells ATCC Cat# CRL 3245

(HBEC 5i

Experimental models: Organisms/strains

Mouse: C57BL/6J

The Jackson Laboratory

Stock No. 000664

Software and algorithms

Noldus EthoVision XT software
Amersham Imager 680 system
QUANTL software

Volocity 6.3 software
Fiji/lmageJ Coloc 2

Imaris (Bitplane)

DESeq?2 package
ClusterProfiler

GraphPad Prism

ECIS software

Ethovision

GE Healthcare

GE Healthcare
PerkinElmer

Fiji/lmageJ

Oxford Instruments

R (v4.2.2)

R (v4.2.2)

GraphPad Software
Applied BioPhysics (ECIS)

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Male C57BL/6J wild-type mice (Jackson Laboratory; stock 000664) were used at 2 months of age (young adult). Mice were group
housed (n = 4 per cage) in individually ventilated cages containing corncob bedding with ad libitum access to standard chow and
filtered water. The vivarium was maintained at 22 + 2°C and 50 + 10 percent relative humidity under a 12 h light-dark cycle (lights
on at 07:00). Animals were assigned to experimental groups based on injury and diet condition as described in the Methods. All pro-
cedures were approved by the Institutional Animal Care and Use Committee and conducted in accordance with NIH standards and
the Guide for the Care and Use of Laboratory Animals.
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Sex as a biological variable (animals)
Only male mice were used. This design reduces variability from estrous cycle-associated hormonal fluctuations but limits the gener-
alizability of findings to females, which is acknowledged as a study limitation.

Human brain specimens

Fresh frozen human brain tissue samples from the superior frontal cortex were obtained from the VA BU CLF Brain Bank at the Boston
University Alzheimer’s Disease Center CTE Program. The cohort included n = 6 neuropathologically confirmed CTE cases andn =6
neurologically healthy controls. Samples were allocated to experimental groups based on neuropathological diagnosis (CTE versus
control), with controls selected to be age-matched to the CTE cases. All samples included in the current study were from male do-
nors, reflecting the limited availability of female CTE specimens in the repository for the specified region and case criteria. Available
demographic variables included age, sex, weight, and height (Figure S10). Race, ethnicity, ancestry, and nutritional or metabolic
intake histories were not available from repository records. All brain donations were obtained with written informed consent from
the next of kin. Institutional Review Board approvals for tissue acquisition and use were obtained through the Boston University Alz-
heimer’s Disease Center, the Bedford VA Hospital, and the Boston University School of Medicine. Neuropathological evaluations
were performed under IRB-approved protocols.

Sex as a biological variable (human tissue)

Only male postmortem specimens were available for inclusion in this analysis. Accordingly, sex associated differences could not be
assessed in the human tissue arm, and the findings should not be generalized to female CTE without additional studies.

Cell lines

Human brain microvascular endothelial cells (HBEC 5i; ATCC CRL 3245), derived from male donor brain microvessels and immor-
talized with SV40 large T antigen, were cultured in gelatin coated flasks. Cells were maintained in a 1 to 1 mixture of endothelial cell
growth medium (VEC Technologies) and Medium 199 (Corning) supplemented with 5 percent fetal bovine serum and 1 percent peni-
cillin streptomycin. Cultures were maintained at 37°C in a humidified 5 percent CO2 atmosphere and passaged at 80 to 90 percent
confluence. All experiments were performed using cells within 10 passages from thawing.

Cell line authentication

The HBEC 5i cell line was obtained directly from ATCC. Cell line identity was verified by supplier documentation and expected endo-
thelial morphology. Short tandem repeat profiling was not performed in-house.

Mycoplasma testing

Cultures were routinely screened for mycoplasma contamination prior to experimentation and were negative.

METHOD DETAILS

Cyclic high-fat diet administration

Mice were randomly assigned to receive either a cyclic high-fat diet (HFD) enriched with fish oil (FO)-derived eicosapentaenoic acid
(EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3), or a continuous purified control diet. Upon arrival, all animals were accli-
mated for 48 h on a standardized purified diet (TD.97184; Envigo, Madison, WI, USA). The cyclic HFD group was maintained on a 3-day
repeating schedule consisting of two consecutive days on the control diet followed by one day on a 45% HFD enriched with long-chain
omega-3 polyunsaturated fatty acids (PUFAs; TD.180549; Envigo) (Figure S11). This intermittent feeding paradigm was designed to
emulate human dietary variability and avoid metabolic distortions associated with continuous ad libitum high-fat feeding. Control an-
imals remained on the purified diet throughout the study. Diets were exchanged at consistent time intervals, and the remaining food
was weighed at each switch to estimate daily caloric intake per cage (kcal/day). The FO-supplemented HFD delivered 82.7 g/kg total
PUFAs, including 26.3 g/kg EPA and 20.5 g/kg DHA, both absent from the control diet, which instead contained 42.7 g/kg PUFAs pri-
marily composed of linoleic acid (18:2n-6) and a-linolenic acid (18:3n-3). The FO-supplemented HFD exhibited a markedly reduced
n-6:n-3 ratio of 0.4, in contrast to 6.6 in the control diet, reflecting a profound shift in lipidomic balance toward omega-3 fatty acids.
In addition to EPA and DHA, the FO-supplemented high-fat diet included a broader complement of saturated and monounsaturated
fatty acids characteristic of FO-based formulations, such as myristic acid (14:0), palmitic acid (16:0), palmitoleic acid (16:1), and oleic
acid (18:1). The purified control diet, by contrast, was primarily enriched in linoleic acid (18:2n-6) and a-linolenic acid (18:3n-3). These
compositional differences reflect the natural lipid profiles of the respective diets and are fully detailed in Figure S11.

Notably, both diets were isocaloric and matched for protein, amino acid, vitamin, and mineral content to eliminate non-lipid
nutritional confounds. The dietary intervention commenced one month before repetitive less-than-mild traumatic brain injury (rimTBI)
induction and was sustained for six months after the injury. Metabolic health was monitored weekly through longitudinal body weight
measurements. Fasting blood glucose was assessed via tail nick using a calibrated glucometer after a 6-h morning fast. Gonadal fat
pads were excised and weighed at the experimental endpoint to quantify adiposity.

Repetitive less-than-mild traumatic brain injury (rimTBI) model

Mice were randomly assigned to either a cyclic FO-supplemented HFD or a continuous purified control diet for one month
before traumatic brain injury (TBI) induction. Following dietary preconditioning, mice were further randomized to receive either
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repetitive less-than-mild TBI (rimTBI) or sham procedures, as previously described.*” To induce rimTBI, mice were anesthetized
using 4% isoflurane delivered in a 70:30 air:oxygen mixture for exactly 5 min. Anesthetized animals were placed prone on a
compliant surface (Kimwipe, Kimberly-Clark, Irving, TX, USA), with the dorsal skull aligned beneath a vertically mounted guide
tube. A 54-gram tungsten alloy bolt was released from a height of 24 inches, striking the dorsal cranium with a flat 5 mm-diam-
eter impact tip. The resulting cranial displacement through the Kimwipe produced a non-penetrating, closed-head rotational
insult of sub-concussive severity. Each animal in the rimTBI group received seven impacts across nine days, delivered once
daily for five consecutive days, followed by two days without injury, and then two additional daily impacts to complete the
seven-impact series.'®°°"%® Sham animals underwent identical anesthesia and handling on the same schedule without impact.
Immediately after each impact or sham exposure, animals were assessed for recovery of the righting reflex as a measure of
acute neurologic suppression. Righting reflex latency was defined as the time from cessation of anesthesia to spontaneous
righting after the animal was placed supine in the recovery cage. For figure display, righting latencies were summarized as
block-averaged values across impacts 1-3, 3-5, and 5-7 to reduce trial-level variability and provide a clear representation of
acute severity across the impact series. Animals were monitored continuously until spontaneous mobility was restored, after
which they were returned to their home cage. No skull fractures, seizures, or overt motor impairment were observed, and all
animals survived the full protocol. All procedures were approved by the IACUC and were conducted in accordance with the
NIH Guide for the Care and Use of Laboratory Animals.

Behavioral testing

All behavioral assessments were conducted between 10:00 and 15:00 during the lights-on phase at either the Animal Research Fa-
cility or the Veterans Affairs Small Animal Behavioral and Physiological Assessment Core. Experimenters were blinded to group allo-
cation throughout the testing procedures. Prior to each test, mice were habituated to the procedure room for 30 min.

Ledge assay

Sensorimotor coordination and balance were evaluated using a ledge-walking assay, as previously established. Mice were individ-
ually placed on the narrow ledge of a standard laboratory cage (35 cm height x 0.8 cm width) and observed for 20 s per trial. Each
animal underwent three trials, and behavior was scored in a double-blind manner on a 0-3 scale: 0 = normal ambulation without foot
slips; 1 = a single foot fault during traversal; 2 = refusal to walk or immediate dismount; and 3 = fall from the ledge or avoidance of
engagement. The mean score across the three trials was used for subsequent analysis.

Morris water maze

The Morris Water Maze (MWM) assessed spatial learning and memory. The apparatus consisted of a circular white pool (83 cm
diameter x 60 cm height) filled to a depth of 29 cm with opaque water maintained at 24 + 1°C. A circular transparent acrylic platform
(10 cm diameter) was submerged 1 cm below the water surface in a fixed target quadrant. Visual cues were provided inside and
outside the maze to facilitate spatial mapping. Each trial began with the mouse in the water facing the tank wall, pseudo-randomly
assigned to one of four quadrants. Mice were allowed up to 90 s to locate and mount the hidden platform. Upon successful mounting,
mice remained on the platform for 30 s. Animals that failed to locate the platform within the allotted time were gently guided to it and
allowed to remain for 30 s to facilitate spatial learning. Mice underwent three daily sessions with 45-min inter-session intervals, over
five consecutive training days. Visible platform trials were performed using a red reflective marker to ensure visual acuity and motor
coordination. Behavioral tracking was conducted using Noldus EthoVision XT software, which recorded swim path, speed, latency to
platform (escape latency), and total distance traveled.

Ultrastructural analysis by transmission electron microscopy (TEM)

For ultrastructural evaluation of the neurovascular unit (NVU), mice were deeply anesthetized and transcardially perfused with a fixa-
tive solution containing 15% picric acid (13% saturated solution; Sigma-Aldrich, St. Louis, MO, USA), 4% paraformaldehyde (Elec-
tron Microscopy Sciences, Hatfield, PA, USA), and 0.1% glutaraldehyde (EM grade 50% solution; Electron Microscopy Sciences),
prepared in a general tubulin buffer (PEM; 0.1 M PIPES, pH 7.2, 1 mM EGTA, 1 mM MgCl,). Brains were rapidly extracted, sectioned
coronally, and post-fixed in the same solution for 4 h at 4°C. Samples were processed for transmission electron microscopy (TEM)
following established protocols and imaged using JEOL1200EX (JEOL, Tokyo, Japan) with an AMT 2k camera (Advanced micro-
scopy techniques, Woburn, MA).

Quantitative analysis of NVU components

Electron micrographs were acquired from the frontal cortex, specifically targeting a 300 x 60 pm region containing microvascular
profiles. For each experimental group, 10 to 20 discrete NVUs were imaged to assess subcellular integrity, including lumen
morphology, basal lamina architecture, endothelial nuclear morphology, and intracellular vacuolations. Quantitative morphometric
analysis was conducted in Imaged, focusing on four parameters: (i) Basement membrane thickness, measured at four cardinal points
(3, 6, 9, and 12 o’clock positions) between the inner and outer laminar boundaries while avoiding pericytic expansions; (i) Lumen
circularity ratio, calculated as the longest lumen diameter divided by its perpendicular bisector; (i) Endothelial vacuolization, defined
as the number of cytoplasmic vacuoles >50 nm per 10 pm of endothelial circumference; and (iv) Endothelial nuclear compaction,
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quantified as the percentage of NVU profiles containing condensed, electron-dense endothelial nuclei. All image acquisition and an-
alyses were performed under blinded conditions to ensure unbiased quantification across experimental groups.

Whisker stimulation and laser Doppler flowmetry

To assess real-time neurovascular coupling assessment in response to whisker stimulation, mice underwent unilateral whisker stim-
ulation under light anesthesia followed by real-time measurement using laser Doppler flowmetry (LDF). Animals were anesthetized via
intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) and secured in a stereotaxic apparatus. After shaving and
disinfecting the scalp, a midline incision was made to expose the intact skull. Care was taken to avoid damaging underlying bone or
vasculature. Body temperature was maintained at 37°C with a feedback-controlled heating pad throughout the procedure. LDF
probes (moorVMS-LDF or equivalent) were positioned stereotaxically above the right barrel cortex (approximately 1.5 mm posterior
and 3.0 mm lateral to bregma), corresponding to the cortical representation of the contralateral whisker pad. Baseline cerebral blood
flow (CBF) measurements were recorded for 1 min prior to stimulation. Whisker stimulation was performed for 30 s by mechanically
stroking the contralateral vibrissae with a custom-made motorized cell strainer (Corning CLS431750) holder. Simply, the cell strainer
is attached to a Vortex Genie, allowing to perform the whisker stimulation at a consistent speed of 3000 rpm. Trials were separated by
inter-stimulus intervals of 1 min to enable full vascular recovery, and the procedure was repeated 3 times. Stimulus-evoked changes
in CBF were continuously recorded and analyzed as percentage changes from baseline. Peak amplitude, time-to-peak, and recovery
kinetics were extracted using vendor software where applicable. All procedures were conducted under blinded conditions per insti-
tutional animal care and NIH guidelines.

HPLC-MS/MS analysis of free fatty acids
To assess lipidomic alterations associated with brain injury and dietary modulation, high-performance liquid chromatography
coupled with tandem mass spectrometry (HPLC-MS/MS) was employed to quantify free fatty acid (FFA) profiles in serum and cortical
tissue.
Blood collection and free fatty acid quantification
Mice were anesthetized under isoflurane, and blood was collected via abdominal vein venipuncture using an insulin syringe. Serum
was separated by centrifugation at 4°C, then aliquoted and stored at —80°C until lipid extraction. For all mice, a fixed volume of 100 pL
serum was used for FFA extraction and analysis by HPLC-MS/MS with internal standards. Serum FFA concentrations are reported
normalized to this fixed volume (pmol per pL serum) to allow consistent comparison across experimental groups and time points.
Brain tissue FFA quantification
Anatomically matched cortical regions were dissected from each animal, with experimental samples taken from a pathologically
affected cortical area (~5 mm®) enriched in tau pathology and estimated to contain ~2.5 x 10° neurons; homologous regions
were collected from control mice using the Allen Brain Reference Atlas for spatial consistency. Tissue was homogenized in RIPA
buffer and total protein concentration was measured. A fixed aliquot of homogenate was then used for lipid extraction and targeted
FFA analysis, performed by the Lipidomics Shared Resource, Analytical Unit using validated protocols. FFA levels were quantified by
HPLC-MS/MS and expressed per mg of total protein (pmol/mg protein), a standard practice in tissue-based lipidomics that allows
normalization for variability in tissue mass and extraction efficiency. All dissections, processing steps, and mass spectrometric an-
alyses were performed under blinded conditions, and internal standard recovery was monitored across batches to ensure analytical
consistency.
Free fatty acid quantification by HPLC-MS/MS
Free fatty acids were quantified at the MUSC Lipidomics Shared Resource using a Thermo Scientific Vanquish UHPLC system
coupled to a Thermo Scientific TSQ Quantis Plus triple quadrupole mass spectrometer operated in negative-mode electrospray ioni-
zation with selected-ion monitoring. Chromatographic separation was performed on a C18 Peak column (150 x 3.0 mm, 3 pm particle
size). Mobile phase A consisted of water containing 2 mM ammonium formate and 0.2% ammonium hydroxide, and mobile phase B
consisted of methanol with 1 mM ammonium formate. Analytes were resolved under gradient elution with an approximate total run-
time of 30 min. All HPLC-MS/MS analyses were performed using validated workflows established at the MUSC Lipidomics Shared
Resource and implemented as previously described.?* ¢

Prior to analysis, serum or tissue homogenate samples underwent liquid-liquid extraction using ethyl acetate:isopropanol
following addition of an aqueous ammonium-formate phase. Organic extracts were dried and reconstituted prior to injection accord-
ing to batch-specific protocols provided by the Lipidomics Core. Quantification was performed using eight-point calibration curves
with 1/x weighting, based on analyte-to-internal-standard peak-area ratios. Authentic standards were used for nearly all measured
fatty acids; where unavailable, C12:0 was quantified relative to C14:0 and C26:1 relative to C26:0 as defined surrogate calibrators.
C17:0-FFA and C23:0-FFA were used as internal standards. Final concentrations were reported in the units specified by the Core for
each batch (pmol or nmol, normalized to mass or volume as appropriate), and exact units are indicated in the corresponding figure
legends.

Antibodies

The following primary antibodies were used for western blotting and immunohistochemistry: anti-phospho-tau (Ser202/Thr205;
AT8, MN1020, Thermo Fisher Scientific), FITC-conjugated Lycopersicon esculentum lectin (LEL 488; DL1174, Vector Laboratories),
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anti—collagen type VI alpha 6 (Col6a6; NBP2-14546, Novus Biologicals), anti-agrin (NBP1-90209, Novus Biologicals), anti-collagen
type IV alpha 1 (Col4a1; MA5-47009, Invitrogen), Calcein AM Viability Dye (65-0853-39, Invitrogen), anti-VE-cadherin (D87F2; 25008,
Cell Signaling Technology), anti—claudin-5 (35-2500, Invitrogen), anti-peroxisome proliferator-activated receptor alpha (PPARw/
NR1C1; NB600-636, Novus Biologicals), anti-matrix metalloproteinase 9 (MMP9; MA5-15886, Invitrogen), anti-B-actin-peroxidase
conjugate (A3854, Millipore Sigma), Iba1 (ab178846, Abcam), 4-HNE (ab46545, Abcam) and NeuN (ab104225, Abcam).

Western blotting

Equal amounts of total protein (9 pg per lane) were resolved by SDS-PAGE using 4-12% Bis-Tris polyacrylamide gels and subse-
quently transferred to nitrocellulose membranes. Membranes were blocked for 1 h at room temperature in either 5% nonfat dry
milk or BSA diluted in Tris-buffered saline with 0.1% Tween 20 (TBST), followed by overnight incubation at 4°C with primary anti-
bodies diluted in 5% bovine serum albumin (BSA) in TBST. Target antibodies were used at either a1:1000 or 1:2,000 dilution;
B-actin (loading control) was incubated separately at a 1:10,000 dilution. Following primary antibody incubation, membranes were
washed with TBST and probed for 1 h at room temperature with species-specific horseradish peroxidase (HRP)-conjugated second-
ary antibodies (1:5,000 dilution). Prestained molecular weight markers were run in parallel to confirm protein band sizes. Signal detec-
tion was performed using enhanced chemiluminescence (ECL) reagents, and membranes were imaged using the Amersham Imager
680 system (GE Healthcare Bio-Sciences, Marlborough, MA, USA). Relative protein expression was quantified by densitometric anal-
ysis in QUANTL software and normalized to p-actin expression for each lane.

Immunostaining

Immunofluorescence staining of mouse and human brain sections was performed as previously described, with slight modifications.
Tissue sections were first incubated in 0.3% hydrogen peroxide to quench endogenous peroxidase activity, followed by antigen
retrieval via brief boiling in 10 mM sodium citrate buffer (pH 6.0). After cooling, sections were blocked with manufacturer-supplied
blocking buffer (Invitrogen) and incubated overnight at 4°C with primary antibodies diluted in the same buffer. Signal amplification
for single-label immunohistochemistry was performed using biotin-conjugated secondary antibodies (Jackson ImmunoResearch)
followed by streptavidin-horseradish peroxidase (HRP; Invitrogen). For double immunofluorescence labeling, Alexa Fluor 488- or
Alexa Fluor 568-conjugated isotype-specific secondary antibodies (Jackson ImmunoResearch, West Grove, PA, USA) were applied
for 1 h at room temperature. Sections were washed four times with Tris-buffered saline (TBS) between each step. Immunolabeled
samples were imaged using a Zeiss laser-scanning confocal microscope or Keyence Microscope BZ-X series. Laser gain and offset
were optimized based on negative control sections lacking primary antibodies, ensuring no autofluorescence or background signal
contributed to image capture. Identical acquisition parameters were used across experimental groups. Images were analyzed using
Volocity 6.3 software (PerkinElmer) and Fiji/lmaged Coloc 2 plugin to quantify fluorescence intensity and co-localization. Three-
dimensional reconstruction and volumetric analyses were performed in Imaris (Bitplane). z stack images were imported into Imaris
(Oxford Instruments) for quantification of surface rendering, signal segmentation, and colocalization. Regions of interest were defined
manually or semi-automatically using intensity-based thresholding and surface creation tools. Quantitative morphometric parame-
ters such as object volume, surface area, and spatial proximity were extracted. Rendering and post-processing were conducted un-
der blinded conditions to ensure objectivity in image interpretation.

Transcriptomic profiling and weighted gene Co-expression network analysis (WGCNA)

Total RNA was extracted from injured cortical tissue using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol.
RNA integrity was assessed using the Agilent 2100 Bioanalyzer, and only samples with RNA integrity numbers (RIN) >8.0 were
included for downstream analysis. RNA concentrations were quantified using the Qubit RNA HS Assay Kit (Invitrogen). Library
preparation was performed using the NEBNext Ultra Il RNA Library Prep Kit (New England Biolabs), followed by sequencing on
an lllumina NovaSeq 6000 platform to generate 150-bp paired-end reads with an average depth of ~40 million reads per sample.
Raw sequencing reads were quality-checked using FastQC and trimmed with Trimmomatic to remove adapter sequences and
low-quality bases. High-quality reads were aligned to the mouse reference genome (GRCm38/mm10) using STAR aligner.
Read counts were generated using HTSeq-count, and gene expression matrices were normalized via variance-stabilizing trans-
formation (VST) using the DESeq2 package in R. Weighted Gene Co-expression Network Analysis (WGCNA) was performed on
normalized expression data to identify gene modules associated with dietary treatment and TBI status. Genes with low variance
across samples were filtered out, retaining the top 75th percentile of expressed genes. An unsigned gene co-expression network
was constructed using the WGCNA package in R (v1.70-3). Based on scale-free topology criteria, a soft-thresholding power was
selected (typically p = 6-10). Topological overlap matrices (TOMs) were computed to define network connectivity, and hierarchical
clustering was used to identify modules of co-expressed genes (minimum module size = 30). Modules were assigned unique color
identifiers for downstream tracking. For each module, the eigengene (ME) corresponding to the first principal component of a
given module was calculated. Intramodular hub genes were identified based on module membership (kME >0.8) and gene signif-
icance scores. Gene ontology (GO) enrichment analysis and KEGG pathway mapping were performed for key modules using
clusterProfiler and g:Profiler to determine biological processes and signaling pathways enriched in the co-expression modules
of interest. All analyses were performed in R (v4.2.2) with integrated graphical outputs produced using ggplot2 and Cytoscape
(v8.9) for network visualization.
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Quantitative real-time PCR (qRT-PCR)

Candidate genes identified through weighted gene co-expression network analysis (WGCNA) were validated by quantitative real-
time PCR (gRT-PCR) using total RNA extracted from the injured cortex of mice (n = 5 per group) and the superior frontal cortex of
human postmortem samples. RNA was isolated with the RNeasy Mini Kit (Qiagen), treated with DNase |, and assessed for purity
and integrity using NanoDrop spectrophotometry and Agilent Bioanalyzer. cDNA synthesis was performed with the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems), and gene expression levels were quantified using pre-designed TagMan
Gene Expression Assays (Applied Biosystems) on a QuantStudio 6 Flex Real-Time PCR System or a LightCycler 480 Il PCR machine
(Roche). For SYBR Green-based detection, qPCR reactions were carried out using LightCycler 480 SYBR Green | Master Mix
(Roche) under a two-step protocol: initial denaturation at 98°C for 2 min, followed by 40 cycles of 95°C for 5 s and 58°C for 30 s.
Each sample was run in triplicate, and relative mRNA expression was calculated using the 2 "—AACt method. GAPDH was used
as the endogenous reference gene (Mouse: Gapdh, Assay ID Mm99999915_g1; Human: GAPDH, Assay ID Hs99999905_m1),
with vehicle-treated samples serving as the reference baseline for AACt calculations. The following gene-specific assay IDs were
used: mouse - Claudin 5 (Mm00727012_s1), Eng (Mm00468252_m1), PPARa (MmO00440939_m1); human - PPAR«a
(Hs00231882_m1), LRP4 (Hs00391006_m1), ELOVL7 (Hs04400799_m1), COL8A1 (Hs00156669_m1). All reactions demonstrated
optimal amplification efficiencies (90-110%), and specificity was confirmed via melting curve analysis and the absence of nonspe-
cific amplification. Gene-specific primers are listed (ORIGENE) in Figure S4.

In vitro assays

For in vitro treatment studies, HBEC-5i cells were seeded into gelatin-coated multiwell plates and exposed to one of the following
media formulations: (1) control medium (VEC:M199 with 5% FBS), (2) control medium supplemented with 100 pM AICAR (5-Amino-
imidazole-4-carboxamide ribonucleotide) and 50 pM L-carnitine, (3) control medium with 100 pM eicosapentaenoic acid (EPA;
Sigma-Aldrich), or (4) EPA replacement with 100 uM docosahexaenoic acid (DHA; Sigma-Aldrich), co-administered with AICAR
(100 pM) and L-carnitine (50 pM). EPA and DHA were pre-complexed with bovine serum albumin (BSA) at a 2:1 molar ratio prior
to administration to ensure bioavailability and reduce oxidation. Cells were exposed to treatment conditions for specified durations
depending on the downstream assay (e.g., viability, migration, TEER, or angiogenic tube formation). All experiments were performed
using cells within 10 passages from thawing to preserve endothelial phenotype.

Preparation of fatty Acid-BSA conjugates (EPA and DHA)

To prepare physiologically relevant, water-soluble fatty acid solutions for in vitro studies, long-chain fatty acids, EPA and DHA, were
conjugated to fatty acid—free BSA at a 6:1 molar ratio (fatty acid:BSA). Fatty acid-BSA complexes were freshly prepared before each
experiment to ensure stability and bioavailability.

I. Preparation of BSA Solution: Ultra fatty acid—free BSA (2.267 g) was dissolved in 100 mL of 150 mM NaCl solution in a pre-
warmed 250 mL beaker containing a stir bar. The beaker was sealed with parafilm and placed in a 1 L water bath maintained
at 37°C (not exceeding 40°C) while stirring until fully dissolved. The solution was sterile-filtered through a 0.22 pm vacuum filtra-
tion unit under laminar flow. After filtration, 50 mL was transferred to a pre-warmed 250 mL beaker for immediate use, while the
remaining 50 mL was diluted 1:1 with an additional 150 mM NaCl to create a 0.17 mM BSA stock solution, which was aliquoted
(4 mL/vial) and stored at —20°C for use as vehicle control.

. EPA and DHA-BSA Conjugation: EPA and DHA (>98% purity; Sigma-Aldrich) were first dissolved in 100% ethanol to generate
50 mM stock solutions, stored in amber vials under nitrogen gas at —80°C. For conjugation, the fatty acids were diluted into the
pre-warmed 2% fatty acid—free BSA solution in endothelial culture medium to achieve a final concentration of 100 pM EPA or

DHA and 0.5% BSA (w/v). The mixture was vortexed and incubated at 37°C for 30 min with gentle stirring. The solution was
then filtered through a 0.22 pm syringe filter and used immediately for cell treatment. All fatty acid-BSA preparations were pro-
tected from light, prepared fresh or thawed on the day of use, and never subjected to repeated freeze-thaw cycles.

Tube formation assay

To assess angiogenic capacity, growth factor-reduced Matrigel (Corning 354230) was added (200 pL/well) to 24-well plates and al-
lowed to polymerize at 37°C for 1 h. HBEC-5i cells (4 x 10%/well) were seeded on Matrigel under the specified treatment conditions.
Tube formation was monitored over time, and after 18 h of incubation, the media were gently refreshed with the same respective
treatments to sustain viability and structural integrity. Cells were incubated for an additional 18 h (total incubation time: 36 h). After 36
h, tube-like structures were stained with Calcein-AM (2 pM, Invitrogen) and imaged using a Keyence BZ-X800 fluorescence micro-
scope. ImagedJ with the Angiogenesis Analyzer plugin was used to quantify nodes, junctions, meshes, and segments. Experiments
were performed in triplicate under blinded conditions.

Electric Cell-Substrate Impedance Sensing (ECIS) wound healing assay

Confluent HBEC-5i monolayers in 96W1E + ECIS arrays were electrically wounded (3,000 pA at 60,000 Hz for 60 s). Migration into the
denuded area was tracked via impedance recovery at 4,000 Hz over 24 h. Data were analyzed using ECIS software and plotted as
impedance recovery curves.
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Transepithelial/transendothelial electrical resistance (TEER) mesaurements

Barrier integrity was measured using Electric Cell-Substrate Impedance Sensing (ECIS; Applied BioPhysics, Z6 system). HBEC-5i
cells were seeded in 96W1E + ECIS arrays at 5,000 cells/well. TEER was recorded at 4,000 Hz once daily for five consecutive
days. Readings were normalized to blank wells. All conditions were measured in triplicate.

MTT assay for cell viability

HBEC-5i cells (5,000/well) were seeded in 96-well plates and treated for 1 or 3 days. On assay days, MTT (0.5 mg/mL in PBS) was
added and incubated at 37°C for 3 h. Formazan was solubilized with DMSO, and absorbance was read at 570 nm. Each condition
was tested in eight technical replicates, with three independent experiments performed.

In silico target prediction of EPA and DHA

To explore potential molecular targets of the omega-3 polyunsaturated fatty acids eicosapentaenoic acid (EPA) and docosahexae-
noic acid (DHA), an in-silico target prediction analysis was conducted using the SwissTargetPrediction platform (https://www.
swisstargetprediction.ch/). Canonical SMILES (Simplified Molecular Input Line Entry System) representations of EPA (PubChem
CID: 446284) and DHA (PubChem CID: 445580) were retrieved from the PubChem Compound Database (https://pubchem.ncbi.
nim.nih.gov/). These structures were submitted to the SwissTargetPrediction tool, which employs 2D and 3D molecular similarity
measures to infer probable macromolecular targets based on known ligand-target interactions in the ChEMBL database. Predictions
were performed for the Homo sapiens species, and the output included a ranked list of putative targets with associated probability
scores, functional classes (e.g., nuclear receptors, enzymes, membrane receptors), and mechanistic annotations. This computa-
tional approach allowed for the systematic identification of protein targets potentially modulated by EPA and DHA, supporting further
hypotheses regarding their roles in neurovascular regulation and metabolic signaling pathways. Target prediction results were used
to complement transcriptomic and proteomic findings and to inform pathway enrichment and druggability analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed using GraphPad Prism (v10.0; GraphPad Software, San Diego, CA, USA) and R statistical environment
(v4.2.2). Normality of distribution was assessed using the Shapiro-Wilk test and Q-Q plots. For comparisons between two groups,
unpaired two-tailed Student’s t-tests were used for normally distributed data, while Mann-Whitney U tests were applied for non-
parametric comparisons. For multi-group comparisons, one-way or two-way ANOVA with appropriate post hoc corrections (Tukey'’s,
Sidak’s, or Dunnett’s) were used depending on the experimental design. Repeated-measures ANOVA was applied to analyze time-
course data including TEER, wound healing, ECIS impedance recovery, and behavioral performance across multiple time points.
Statistical significance for all ANOVA models was verified by Greenhouse-Geisser correction when the assumption of sphericity
was violated. For transcriptomic data, differential gene expression analysis was performed using the DESeq?2 package, and p-values
were adjusted for multiple testing using the Benjamini-Hochberg false discovery rate (FDR) correction. Co-expression network mod-
ules identified via WGCNA were correlated with experimental phenotypes using Pearson’s correlation coefficient, and hub genes
were defined by high module membership (kME >0.8) and gene significance scores (GS > 0.5). Gene ontology and pathway enrich-
ment analyses were performed using hypergeometric testing and corrected for multiple comparisons. All in vitro experiments were
performed with a minimum of three biological replicates and 6-8 technical replicates per condition unless otherwise stated. /In vivo
sample sizes were determined based on prior power calculations («x = 0.05, = 0.2, power = 0.8) derived from pilot data to detect
a >20% change with a standard deviation of 15%. Outliers were identified using Grubbs’ test and excluded only if attributable to
technical error. Data are expressed as mean + standard error of the mean (SEM), and statistical significance was set at p < 0.05.
All analyses were performed under blinded conditions to ensure unbiased assessment across experimental groups. Statistical
significance is indicated in figures as NS (not significant) or by asterisks: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Unless
otherwise stated in the figure legends, two group comparisons used an unpaired two-tailed Student’s t test (or Mann-Whitney U
test for non-parametric data), and multi-group comparisons used one-way or two-way ANOVA with Tukey’s, Sidak’s, or Dunnett’s
multiple comparisons post hoc tests as appropriate.
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